The electrodeposition and recovery of Dy was attempted by chlorinating Dy with Cl 2 generated at the anode by electrolysis in molten LiCl, in which Fe, B, Nd and Dy powders were added, then reducing the Dy ions, which were ionized from the dysprosium chloride, at the cathode. When the electrolysis in the LiCl bath was carried out even after the Fe, B, Nd and Dy powders were added to the LiCl bath, the electrodeposition of these metals on the cathode did not occur, thus the metals could not be recovered when the electrolysis in the LiCl bath was carried out even after the Fe, B, Nd and Dy powders were added to the LiCl bath. The mass increase due to the electrodeposition of Dy was observed at the cathode in the LiCl bath in which DyF 3 was added. The mass of the material electrodeposited at the cathode was greater in the LiCl bath, in which the Fe, B, Nd and Dy powders were added with DyF 3 , in comparison to that in the bath with only DyF 3 . It was found from analyzing the electrodeposited material by an X-ray diffraction technique and an electron probe microanalyzer that the material consisted of a large amount of Dy and a small amount of B. Examination of the cation concentration in the molten salt after electrolysis using an inductively coupled plasma instrument revealed that the molten LiCl, into which DyF 3 and the metal powders were added, contained the highest number of Dy ions. Thus, metallic Dy was cationized during the electrolysis in the molten LiCl bath containing DyF 3 and the metal powders, then the cationized Dy was reduced at the cathode and precipitated as metallic Dy.
Introduction
Recently, magnets of an Nd, Fe, and B compound, neodymium (Nd 2 Fe 14 B), have been used in the high output motors of hybrid automobiles. Dysprosium (Dy) is added to these magnets in order to maintain their coercive force at high temperature. Dy is mined in only a few countries; therefore, maintaining a stable and constant supply is dif cult for countries that manufacture neodymium magnets. Thus, establishing a recycling technology is required to allow the effective use of the Dy. To promote the recycling of neodymium magnets, the manufacturing process of waste Fe-Nd-B sintered magnets is currently being used 1, 2) . However, the process waste is a mixture of several elements, and a wet process is used for the separation and extraction of the elements. For the wet process, the rare earth element was exuded using the acid such as hydrochloric acid and nitric acid. Subsequently, the precipitation agents were added to the leachate, and the rare earth element was separated to become the salt. For this process, the high segregation cost and high processing cost of the waste acid and residue produced during the wet process are problematic. Subsequently, the salt consisting of the rare earth element was melted, then the rare earth element was extracted by electrolysis. As described, this method has many the process steps for the separation and extraction. Moreover, when using this method, only Nd was recovered, while Dy was not recovered. Therefore, it is necessary to develop a new technology to extract Dy from the neodymium magnets at a low cost.
The studies about the recovery of the rare earth elements have been carried out by many researchers. Matsumiya et al. 3) performed the recovery of Ce and La by electrodeposition using room temperature molten salts. Murase et al. 4) carried out the separation and recovery of the rare earth elements, such as La, Ce, Pr, Nd and Y, as a chloride from the oxides using a chlorination reaction. Uda et al. 5) carried out the chloridation of Sm, Pr and Nd, and each chloride was separated by a difference in vapor pressure. Okabe et al. 6) performed the recovery of Nd from Mg-Nd using the difference in the vapor pressure of each element. These studies did not involve the recovery of Dy from the neodymium magnets. On the other hand, Oishi et al. 7) and Kobayashi et al. 8) attempted the recovery of Nd and Dy from Nd and Dy halides by molten salt electrolysis using a diaphragm. As the results, Nd and Dy were not separately recovered.
Based on this background information, we have attempted to develop a process to recover Dy from neodymium magnet scrap at a low cost. The present authors succeeded in recovering metallic Dy metal from Dy oxide as follows: The Dy oxide was cationized due to acidic dissolution during electrolysis in molten Na 2 SO 4 , then the Dy cations were electrochemically reduced at the cathode in the same molten salt 9) . However, for this method, the low recovery ef ciency of the Dy was a concern.
In this study, we attempted to establish the direct recovery method of Dy from a Nd-Fe-B magnet by the chlorination of Dy using Cl 2 generated by electrolysis in the molten LiCl and then by cathodic reduction of the Dy ions generated by ionization of the Dy chloride in the same molten salt.
The electrochemical reduction potential of Dy ions is lower than the reduction potential of water; thus, the Dy ions are not reduced in an aqueous solution. However, reduction may occur in a molten salt, which does not contain water [10] [11] [12] . Therefore, we used a molten salt as the reaction medium. Compared to conventional methods, the above-mentioned method has a simpler con guration and allows both the chlorination of Dy and recovery of the Dy metal in the same molten salt, which reduces the cost.
Experimental Procedure
We prepared the cathode substrate sample using a graphite rod. A graphite rod (6-mm diameter, approximately 50-mm length) was used as the counter anode electrode. We used LiCl and LiCl-1 mol%DyF 3 for the electrolytic bath. The LiCl and DyF 3 are commercially available special grade reagents. These reagents were subjected to a vacuum-drying treatment for 86.4 ks at 543 K. Furthermore, the electrolysis was carried out in the LiCl bath containing only 0.5 g of Dy powder and 0.5 g each of Fe, B, Dy, and Nd powders. Figure 1 shows a schematic of the electrolytic cell. The cell container is an alumina crucible with an inner diameter of 35 mm and height of 158 mm. The electrolytic cell was placed in a silica tube (outer diameter of 63 mm, height of 300 mm), which was then placed in a vertical electric furnace. The salt was placed in the cell container provided with protective tubes for the reference electrode and thermocouple. The container was then heated. After the salt melted and the bath temperature reached 1023 K, the sample rod of the substrate and counter electrode were soaked in the bath just prior to the experiment. When conducting the electrochemical measurements, high purity Ar gas was introduced into the cell to provide an Ar atmosphere before the salt was heated. While heating the salt and conducting the electrodeposition experiment, the Ar gas ow rate to the cell was adjusted to 3.3 × 10 −6 m 3 ·s −1
. For the reference electrode, the LiCl-AgCl (90 : 10 mol%) mixed salt was placed in a mullite tube (NC protective tube, Nikkato Co., Ltd.) with an outer diameter of 6 mm and length of 500 mm. An Ag wire was then soaked in the mullite tube.
The potential sweep method was used to determine the cathodic and anodic polarization curves. The measured temperature was 1023 K, and the sweep rate was 1.7 × 10 −3 V·s −1
. During the electrodeposition experiment, we allowed polarization to occur at the xed reduction potentials of −2.2 V to −2.8 V.
After the electrodeposition experiment, we removed the sample from the electrolytic bath, then removed the salt that had adhered to the sample surface by rinsing. We then observed and analyzed the surface and cross-section of the sample by scanning electron microscopy (SEM) and an electron beam probe micro-analyzer (EPMA). Figure 2 shows the results of the polarization curves of the cathode and graphite electrodes anode in the LiCl bath in which 1 mol% DyF 3 was added. These results were compared to that in which DyF 3 was not added to the LiCl bath. The results showed no signi cant difference in the polarization curve of the anode even after the addition of DyF 3 . In contrast, the cathodic current density was increased from a higher potential due to the addition of DyF 3 . This increase is attributed to the reduction reaction of the Dy ions. The increase in the cathodic current density at a sample electrode leads to an increase in the anodic current density at the counter electrode. When the reduction reaction of the Dy ions occurs at the cathode in the LiCl bath, in which the 1 mol% DyF 3 was added, the chlorine evolution reaction occurs at the anode. Figure 3 shows the cathodic current density-time curve for the potentiostatic polarization of a cathode electrode at −2.2, −2.5 and −2.8 V in the LiCl bath containing the Dy, Nd, Fe and B powders without DyF 3 (denoted as Metal ), in that containing 2 mol%DyF 3 without the metal powders (denoted as DyF 3 ) , and that containing the metal powders with 2 mol%DyF 3 (denoted as DyF 3 +Metal ). In the LiCl bath containing the metal powders without the 2 mol%DyF 3 (Metal), the cathodic current density was signi cantly reduced immediately after the start of the polarization, then showed a nearly constant value. In the LiCl bath containing 2 mol%DyF 3 without the metal powders (DyF 3 ) for the polarizations at −2.2 and −2.5 V, the cathodic current density signi cantly decreased just after the start of the polarization and then showed a constant value, while for the polarization at −2.8 V, the cathodic current density gradually increased. Conversely, Fig. 1 Electrolytic cell used for the experiment. in the LiCl bath containing the metal powders with the DyF 3 (DyF 3 +Metal), for the polarizations at −2.5 and −2.8 V, the cathodic current density gradually increased at 0.1 ks after the start of the polarization. For the polarization at −2.8 V, in particular, the cathodic current density rapidly increased at 2.5 ks after the start of the polarization. This is probably because the supplied amount of Dy ions into the bath increased at 2.5 ks after the start of the polarization, which accelerated the rate of the reduction reaction of the Dy ions. We determined the mass of the material electrodeposited at the cathode when performing the potentiostatic polarizations at −2.2, −2.5 and −2.8 V in the LiCl bath containing 2 mol%DyF 3 and 0.5 g of the Fe, B, Nd and Dy powders. Figure 4 shows the polarization potential dependence of the mass of the material electrodeposited at the cathode in this bath (DyF 3 +Metal). The mass of the electrodeposited material increased with the decreasing potential, indicating the highest value at −2.8 V. The mass of the electrodeposited material at this potential was twice as high as that at the same potential in the bath containing only 2 mol%DyF 3 (DyF 3 ). However, the mass of the electrodeposited material was low without the dependence of the potential in the bath containing only the metal powders (Metal).
Results and Discussion
A powdery electrodeposit was observed on the cathode electrode after the polarization at −2.8 V in the LiCl bath containing DyF 3 and the metal powders. Figure 5 shows the XRD result of the electrodeposit. Strong peaks corresponding to Dy were observed. Weak peaks corresponding to B were also observed. Therefore, it was found that the electrodeposited materials consisted mainly of Dy in the LiCl bath containing DyF 3 and metal. Figure 6 shows an SEM photograph and the results of the EPMA analysis of the material electrodeposited on the cathode electrode after the polarization at −2.8 V in the LiCl bath containing DyF 3 and the metal powders. The SEM photographs showed that the electrodeposited material had been deposited on the electrode as particulate matter. In addition, from the point analysis by EPMA using four dispersive crystals (LiF crystal, pentaerythritol crystal, thallium acid phthate crystal, and layered dispersion element crystal), it was found that the electrodeposited material consisted of Dy. When using a dispersive crystal that can diffract light elements (LDE2H), a weak peak corresponding to Dy was also observed along with a strong peak corresponding to C of the substrate. This showed that Dy was electrodeposited and selectively recovered in the LiCl bath, in which the Fe, B, Nd and Dy powders were added along with the DyF 3 . Table 1 shows the current ef ciencies for the electrodeposition reaction of Dy at −2.8 V in each LiCl bath. It shows that the current ef ciency in the bath containing only the metallic powders was the lowest. It also shows that, on the other hand, the current density in the LiCl bath containing the metallic powders and DyF 3 was the highest. This study demonstrated that the mass of the electrodeposited Dy became high in the LiCl bath which contained the Fe, B, Nd and Dy powders. This is attributed to the generation of Cl 2 at the counter electrode during the reduction reaction of the Dy 3+ ions. This Cl 2 seems to react with the metallic Dy to form DyCl 3 , which was then ionized to form Dy ions, and consequently, the Dy ion activity was increased in the bath. Moreover, the main constituent of the electrodeposit was Dy even after the Fe, Nd, and B were added to the bath in addition to the Dy (Figs. 4 and 5) . This is because Dy is more reactive to chlorination compared to the other elements. Thus, we conducted a thermodynamic examination in order to check whether Dy is more susceptible to chlorination relative to the other elements. Table 2 shows the change in the standard Gibbs energy of formation for the chloride reaction at 1023 K (bath temperature) for each added metal. It shows that Dy and Nd have a greater negative change in their standard free energy for the chloride formation than Fe and B. Therefore, we found that Dy and Nd were thermodynamically more susceptible to chlorination during the evolution of chlorine at the anode by the electrolysis in the LiCl bath. The lack of Fe in the constituents of the electrodeposit is ascribed to the fact that it did not form a chloride. The fact that the electrodeposit consisted of only Dy, excluding Nd, seems to be attributed to the difference in the melting point between DyCl 3 and NdCl 3 . In other words, the melting point of DyCl 3 is 924 K 13) , therefore, it becomes a liquid at the bath temperature of 1023 K. Lique ed DyCl 3 is immediately ionized into Dy 3+ and Cl − . Conversely, the melting point of NdCl 3 is 1057 K, therefore, it remains a the solid at 1023 K (bath temperature). Because the vapor pressure of the solid NdCl 3 at 1023 K is as high as 2.3 × 10 −1 Pa 15) , it is considered that the solid NdCl 3 is sublimated at the same time of its generation. Therefore, we infer that the Nd 3+ ions were not included in the bath. In order to verify this, we analyzed the metal dissolved in the LiCl bath, to which DyF 3 and the metal powders were added, after the polarization of the cathode for 3.6 ks at −2.8 V, by inductively coupled plasma (ICP) spectroscopy. Figure 7 shows these results. For comparison, the gure also shows the result for the bath in which only the metal powders were added, and that in which only the DyF 3 was added. Furthermore, this gure also shows the results for the LiCl bath in which both DyF 3 and the metal powders were added, without performing any electrolysis. Based on these results, we found that the Dy concentration was the highest in the bath when the cathode was polarized to −2.8 V in the bath in which DyF 3 and the metal powders were added. Therefore, it can be noted that the bath contains a high number of Dy ions. Hence, we can conclude that the electrodeposition of only Dy is due to the presence of a high number of Dy ions in the molten salt. Furthermore, when the electrolysis was carried out in the LiCl bath in which DyF 3 and the metal powders were added at 1073 K, which is higher than the melting point of NdCl 3 , the electrodeposition of a small amount of Nd was observed along with that of Dy. This suggests that both the DyCl 3 and NdCl 3 formed in the molten salt become liquid were ionized. The B results are not shown in Fig. 7 . However, 3.1 g of B was detected in the bath with or without undergoing electrolysis. The fact that B was detected during the analysis of the electrodeposited substance by XRD and EPMA is because B dissolved in the bath and was electrodeposited. We examined the reason for the increase in the amount of electrodeposited Dy when adding DyF 3 along with the metal powders (Fig. 4) . It was demonstrated from Fig. 2 that the cathodic current density at −2.5 V was as low as approximately 50 A/m 2 in the bath in which DyF 3 was not added. A reaction corresponding to this small cathodic current occurs at the anode. In contrast, the cathodic current density at −2.5 V was about 1200 A/m 2 in the bath in which 1 mol% DyF 3 was added. This current density is approximately 30-fold greater than that in the bath without the Dy addition. An anodic current corresponding to this large cathodic current ows at the anode. In other words, it is presumed that the Cl 2 evolution rate increased. Therefore, we believe that the Dy ion activity in the bath was increased due to an increase in the chlorination reaction rate of Dy in the bath in which DyF 3 was added, which increased the amount of the electrodeposited Dy. The rapid increase in the cathodic current density at about 2.5 ks during the polarization at −2.8 V in the bath to which metallic Dy was added (Fig. 4) is attributed to the increase in the electrodeposition rate of Dy due to the increase in the Dy ion activity in the bath. Figure 8 schematically illustrates the principle of the Dy recovery method from the magnets consisting of Nd-Fe-B. The Cl 2 is generated at the anode by electrolysis in the molten LiCl. The Cl 2 reacts with Dy in the magnets to produce DyCl 3 , which was ionized in the bath. The electrochemical reduction reaction of Dy ions occurs at the cathode, and then metallic Dy was recovered. In this study, it was considered that the recovery of Dy was carried out by the chlorination of Dy using Cl 2 generated by the anode during electrolysis in the molten LiCl and by the cathodic reduction of the Dy ions generated by ionization of the Dy chloride.
Conclusion
We attempted to perform the selective recovery of Dy by electrolysis in molten LiCl and obtained the following results:
(1) The polarization curve in the molten LiCl containing DyF 3 conclusively indicated that the reduction reaction of Dy ions occurred with the increasing current density due to the cathodic polarization at the high potential in the bath, to which DyF 3 was added. Simultaneously, the increase in the anodic current due to the evolution of chlorine was observed at the anode.
(2) The electrodeposited amount on the cathode was increased by performing the electrolysis in the molten salt in which DyF 3 and the Fe, B, Nd, and Dy powders were added. By analyzing the material electrodeposited on the cathode after the electrolysis in the molten LiCl in which DyF 3 and the Fe, B, Nd and Dy powders were added, it was found that the electrodeposited material mainly consisted of Dy.
(3) By determining the amount of the metal dissolved in the molten salt, it was found that Dy was present in a signicant quantity as ions in the molten salt after the electrolysis.
